We recently discovered the existence of the oxytocin͞oxytocin receptor (OT͞OTR) system in the heart. Activation of cardiac OTR stimulates the release of atrial natriuretic peptide (ANP), which is involved in regulation of blood pressure and cell growth. Having observed elevated OT levels in the fetal and newborn heart at a stage of intense cardiomyocyte hyperplasia, we hypothesized a role for OT in cardiomyocyte differentiation. We used mouse P19 embryonic stem cells to substantiate this potential role. P19 cells give rise to the formation of cell derivatives of all germ layers. Treatment of P19 cell aggregates with dimethyl sulfoxide (DMSO) induces differentiation to cardiomyocytes. In this work, P19 cells were allowed to aggregate from day 0 to day 4 in the presence of 0.5% DMSO, 10 ؊7 M OT and͞or 10 ؊7 M OT antagonist (OTA), and then cultured in the absence of these factors until day 14. OT alone stimulated the production of beating cell colonies in all 24 independently growing cultures by day 8 of the differentiation protocol, whereas the same result was obtained in cells induced by DMSO only after 12 days. Cells induced with OT exhibited increased ANP mRNA, had abundant mitochondria (i.e., they strongly absorbed rhodamine 123), and expressed sarcomeric myosin heavy chain and dihydropyridine receptor-␣1, confirming a cardiomyocyte phenotype. In addition, OT as well as DMSO increased OTR protein and OTR mRNA, and OTA completely inhibited the formation of cardiomyocytes in OT-and DMSO-supplemented cultures. These results suggest that the OT͞OTR system plays an important role in cardiogenesis by promoting cardiomyocyte differentiation.
O xytocin (OT), a nonapeptide largely expressed in the hypothalamus, has long been recognized as a female reproductive hormone necessary for uterine contraction during parturition, timing and amplification of labor, milk ejection during lactation, and ovulation (1) . However, the last decades have shed new light on OT functions. It has been shown that both sexes have equivalent concentrations of OT in the hypophysis and plasma as well as a similar number of oxytocinergic neurons in the hypothalamus (2) , and both sexes respond to the same stimuli for OT release (3, 4) . It also appears that reproductive functions and maternal behavior are preserved in OT Ϫ/Ϫ mutant mice (5) . Both OT Ϫ/Ϫ males and females are fertile, and females are capable of parturition although they lack the milk ejection reflex (5, 6) . These observations indicate that OT is not essential for reproduction, and data now underline the involvement of OT in sexual behavior, cognition, memory, tolerance, adaptation, food and water intake, and cardiovascular functions (1, 7, 8) .
Recently, a role has been suggested for OT as a growth and cellular differentiation factor. The antiproliferative effect of OT, mediated by OT receptors (OTRs), has been documented in breast cancer cells (9) and other tumors (10) (11) (12) . In contrast to its effect on tumoral cells, a mitogenic action of OT has also been described. OT stimulates the proliferation of thymocytes (13, 14) and mitotic activity in the prostate epithelium (15) , vascular endothelium (16) , and trophoblasts (17) . OT has also been reported to enhance myoepithelial cell differentiation and proliferation in the mouse mammary gland (18) . The possibility that OT has trophic effects on the embryo has not been investigated intensively. However, OT has been shown to have an influence on the developing heart: OT administered in excess to the fetus may impair cardiac growth in humans and rats (19, 20) , and OTR suppression by specific OT antagonists (OTAs) in the early stage of chicken egg development leads to cardiac malformation in the embryos. It is not known whether the trophic effects of OT on the heart are direct or indirect.
OT's indirect actions could be related to its cardiovascular functions observed in adult rats (7, (21) (22) (23) . Indeed, we uncovered the entire OT͞OTR system in the rat heart, and showed that cardiac OTR activation is coupled to the release of atrial natriuretic peptide (ANP), a potent diuretic, natriuretic, and vasorelaxant hormone that is also involved in cell growth regulation (7, 8) . A role for ANP in cardiomyogenesis has even been suggested by Cameron et al. (24) . In support of a potential action of OT on cardiac development, a maximal OT protein level was seen in the heart at day 21 of gestation and postnatal days 1-4, when cardiac myocytes are at a stage of intense hyperplasia.** The P19 mouse embryonal carcinoma cell line is an established model of cell differentiation. Developmentally, pluripotent P19 cells give rise to the formation of cell derivatives of all three germ layers (25, 26) and appear to differentiate by the same mechanisms as normal embryonic stem cells (25, 27) . When cultured in the presence of 10
Ϫ6
M retinoic acid, a physiologically relevant morphogen, P19 cells efficiently (Ն95%) differentiate to neurons (25, 28, 29) . The solvent dimethyl sulfoxide (DMSO) induces cardiac differentiation, albeit not as efficiently (Յ15%) (25, 30) . DMSO has been shown to activate essential cardiogenic transcription factors, such as GATA-4 and Nkx-2.5 (30, 31) . However, the mechanisms responsible for triggering these genes in the embryo are still unknown, as is the mode of action of DMSO with respect to the cardiomyogenic program in P19 cells.
Our discovery of a functional OT͞OTR system in the heart, in conjunction with the fact that it is expressed at higher levels in developing than in adult hearts, led us to consider OT as a potential naturally occurring cardiomorphogen. In this respect, we investigated whether OT induces differentiation of P19 cells into a cardiomyocyte phenotype. were propagated in ␣-modified Eagle's MEM (GIBCO-BRL Burlington, ON, Canada) supplemented with 2.5% heat-inactivated FBS, 7.5% heat-inactivated donor bovine serum (Cansera International, Rexdale, ON, Canada), and the antibiotics (GIBCO͞ BRL) penicillin G (50 units͞ml) and streptomycin (50 g͞ml) . The cultures were maintained at 37°C in a humidified atmosphere of 5% CO 2 and passaged every 2 days. The general protocol used for differentiation of P19 cells is depicted in Fig. 1 . Differentiation was routinely induced with DMSO. Briefly, 0.25 ϫ 10 6 cells were allowed to aggregate for 4 days in nonadhesive bacteriological grade Petri dishes (6-cm diameter) containing 5 ml of complete medium, in the presence of 0.5% DMSO (Sigma). At day 2 of aggregation, the inducing culture medium was replenished. At day 4, aggregates were transferred to tissue culture grade vessels (10-cm diameter dishes or 24͞48-well plates) and cultured in complete medium in the absence of differentiation-inducing agent. Aggregation was also done in the absence of DMSO, and in the presence of 10 5 1 ,Tyr(Me) 2 , Thr-4,Orn-8,Tyr-NH 2 9 ] vasotocin), both from Peninsula Laboratories. The cell populations were analyzed at days 10-14 of the entire differentiation protocol, at a time cardiac cells normally beat synchronously.
Materials and Methods
Cell Morphology, Staining, and Immunocytochemistry. Examinations were done under a Zeiss inverted microscope (Zeiss IM, Carl Zeiss, Jena, Germany) equipped with phase-contrast objectives, filters for rhodamine and fluorescein fluorescence, an MC 100 camera, and a photoautomat unit. Micrographs were taken with Kodak Technical Pan film (for cell morphology) or with Kodak T-Max 400 or Elite-II 100 film (for fluorescence).
For morphological examination, cells were grown directly onto the plastic surface of tissue culture vessels. For staining with rhodamine 123 (Sigma), day-4 aggregates were distributed in 24-well culture plates and grown until day 8. Then, dye was added to the culture medium at a final concentration of 1 g͞ml for 45 min, and afterward, the cells were washed extensively with PBS and cultured for 48 h in the absence of the dye. Dye retained by cells in each well was measured by a fluorescence microplate reader (SPECTRA Max Gemini, Molecular Devices, Sunnyvale, CA) at 505 nm for excitation and 534 nm for emission.
For immunocytofluorescence studies, cells were grown onto glass coverslips coated with 0.1% gelatin. They were then fixed by 20-min incubation in PBS containing 4% paraformaldehyde, rinsed in PBS, and stored at 4°C in this buffer until used. All subsequent steps of permeabilization, washing, and incubation with antibodies were performed at room temperature. Fixed cells were permeabilized for 10 min in PBS containing 0.005% saponin, blocked for 60 min in PBS͞BSA͞saponin (PBS containing 1% BSA and 0.005% saponin), and incubated for 45 min with the primary antibody diluted 1͞50 and for 45 min with a fluorescein-conjugated swine anti-goat IgG antibody (Biosource International, Camarillo, CA) diluted 1͞1,000. PBS͞BSA͞saponin was used for washing between incubations and antibodies were diluted in the same buffer but containing 1.5% normal swine serum (Jackson ImmunoResearch). Coverslips were mounted in PBS containing 50% glycerol and were immediately examined under the microscope. The primary antibodies were all from Santa Cruz Biotechnology and produced in goat: antibody C-20 against OTR, antibody K-16 against sarcomeric myosin heavy chain (MHC), and antibody N-19 against dihydropyridine receptor-␣1 (DHPR-␣1).
Analysis by Reverse Transcription-PCR (RT-PCR).
Total cellular RNA was extracted with Trizol Reagent (Invitrogen Life Technologies, Burlington, ON, Canada), and poly(A) ϩ mRNA was affinity purified from 200 g of total RNA onto Oligotex mRNA columns (Qiagen, Mississauga, ON, Canada), according to the manufacturers' instructions. First-strand cDNA was synthesized in a final volume of 40 l containing first-strand buffer, 3 g of cellular RNA, 4 l of hexanucleotide primers (Amersham Pharmacia-Pharmacia, Baie d'Urfé, QC, Canada), and avian myeloblastosis virus reverse transcriptase (12 units͞g RNA; Invitrogen). First-strand cDNA (5 l) was then used for PCR amplification with OTR, ANP, or glyceraldehyde-3-phosphate dehydrogenase (GAPDH) exonspecific oligonucleotide primers in a Robocycler Gradient 40 thermocycler (Stratagene). Sequences of mouse OTR and ANP genes have been described (1, 32) . Conditions for RT-PCR analysis of mouse OTR were adapted from Wagner et al. (6, 7) . For all PCR studies the number of cycles used was within the linear range of amplification. The OTR sense and antisense primers were, respectively, the 22-bp 5Ј-AAGATGACCTTCATCATTGTTC-3Ј and the 23-bp 5Ј-CGACTCAGGACGAAGGTGGAGGA-3Ј. Amplification was performed over 32 cycles, each involving 1 min at 94°C, 1.5 min at 62°C, and 1.5 min at 72°C, and was terminated by a 5-min final extension at 72°C. The ANP antisense and sense primers were, respectively, the 24-bp 5Ј-GTCAATCCTACCCCCGAAG-CAGCT-3Ј and the 20-bp 5Ј-CAGCATGGGCTCCTTCTCCA-3Ј. Amplification was performed over 25-30 cycles, each involving 1 min at 94°C, 1 min at 65°C, and 3 min at 72°C, and was terminated by a 5-min final extension at 72°C. The amplification of GAPDH mRNA, a constitutively and ubiquitously expressed gene, served as an internal standard for RT-PCR analysis. The 23-bp antisense primer 5Ј-CAGTGATGGCATCCACTGTGGTC-3Ј and the 23-bp sense primer 5Ј-AAGGTCGGTGTCAACCCATTTGGC-CGT-3Ј were used. Amplification was performed over 23 cycles, each involving 1 min at 94°C, 1.5 min at 59°C, and 2 min at 72°C.
Western Blot Analysis. Cells were collected by scraping, homogenized in sucrose buffer (20 mM Hepes͞Tris, pH 7.4, containing 250 mM sucrose and 20 g͞ml of the protease inhibitor phenylmethylsulfonyl fluoride), then centrifuged at 3,000 ϫ g for 10 min at 4°C to remove debris. The supernatants were centrifuged at 100,000 ϫ g for 45 min at 4°C, and the pellets were resuspended in sucrose buffer for analysis of protein content by a modified Bradford assay (28) . Aliquots (20 g of protein) were subjected to polyacrylamide gel electrophoresis in the presence of SDS (SDS͞PAGE) under reducing conditions (33) followed by electrotransfer onto pure nitrocellulose membrane (Hybond-C; Amersham PharmaciaPharmacia). Molecular size was calibration with Broad Standard Solution (Bio-Rad; Mississauga, ON, Canada). The nitrocellulose blots were blocked overnight with 5% nonfat milk in Tris-buffered saline (TBS: 20 mM Tris⅐HCl, pH 8.0͞140 mM NaCl͞1% BSA͞ 0.1% Tween-20), then probed with goat C20 antibody (anti-OTR; 1͞1,000) for 2 h at room temperature. Antibody incubations and washes were performed in TBS throughout. Detection was realized by enhanced chemiluminescence with an Amersham PharmaciaPharmacia ECL kit and an appropriate peroxidase-conjugated secondary antibody (27) . Autoluminograms were developed in an AFP Imaging Minimed 190 X-Ray Film Processor (AFP, Elmsford, NY).
Statistics.
Results are reported as the mean values Ϯ SEM. Treatments were compared by unpaired Student's t test.
Results
When the time schedule depicted in Fig. 1 was used, treatment of P19 cell aggregates with 10 Ϫ7 M OT induced the formation of rhythmically beating cells resembling primary cardiomyocytes isolated from the heart of newborn animals. A similar phenotypic change was already reported for treatment with 0.5-1% DMSO (25, 26, 28, 30) . We observed that aggregates treated with OT or DMSO had a mean diameter 2 ⁄3 that of their untreated counterparts (data not shown), a finding that could reflect the antimitotic activity of OT and DMSO.
We examined whether treatment of cell aggregates with OT induced the expression of the cardiac muscle markers sarcomeric MHC and DHPR-␣1. Sarcomeric MHC is expressed in contractile muscle cells, as is DHPR-␣1, a component of intracellular junctions critical for the coupling of excitation and contraction (25, 30, 34) . As presented in Fig. 2B , undifferentiated cells were negative for MHC, as reported (25, 26, 30) , and for DHPR-␣1. However as with DMSO, OT induced the appearance of numerous, intense, immunoreactive foci in cell populations (Fig. 2) . In both cases, there were cell subpopulations that did not respond positively (Fig. 2 A) and seemed to be mainly undifferentiated cells according to morphological criteria. We and others have shown that undifferentiated cells remain in DMSO-treated P19 cultures by probing for stagespecific embryonic antigen 1, an established marker of the undifferentiated state (25, 26, 28) . Cell aggregates not exposed to OT or DMSO were not positive for MHC and DHPR-␣1, although they sometimes showed very rare and small immunoreactive foci (Fig.  2B, no inducer) . This occasional staining could be because of spontaneous differentiation events triggered by high cell densities such as those encountered in aggregates (25, 26) .
We also compared the cardiogenic potency of OT and DMSO. First, potency was simply quantitated by rhodamine 123 retention in cells, taking advantage of the fact that this dye, which penetrates all cell types, is retained for much longer periods (days instead of hours) in cardiac cells than in other cell types (35) . To meet their energy requirements for muscular contraction, cardiomyocytes have indeed abundant mitochondria, the cell organelles that accumulate rhodamine 123. Fig. 3A shows that exposure of the cell aggregates to OT and DMSO significantly increased cellular retention of the dye by 2-to 3-fold compared with noninduced aggregates (P Ͻ 0.001), and this increase at day 10 of differentiation was even significantly higher after OT than DMSO treatment (P Ͻ 0.001). Because P19-derived cardiomyocytes beat in culture, we also compared the time course of appearance of beating cells after treatment of aggregates with DMSO or OT. We found that OT stimulated the production of beating cell colonies in all 24 independently growing cultures by day 8, whereas the same result was obtained in cells induced by DMSO only by day 12 (Fig. 3B) . The cardiogenic action of OT was specific and receptor-mediated, because no beating cells were seen when 10
Ϫ7
M OTA was used in place of OT or in combination with OT (Fig. 3B) . Interestingly, OTA also abolished the cardiogenic action of DMSO (Fig. 3B) . Finally, cardiogenic potency was evaluated by means of ANP expression because this peptide is abundantly produced by cardiomyocytes. The results showed that at day 14 of differentiation ANP mRNA level was significantly up-regulated in OT-treated P19 aggregates as compared with undifferentiated cells (P Ͻ 0.05), and this up-regulation was at similar level after DMSO treatment (Fig.  3C ). As for cell beating, OTA prevented OT-induced up-regulation of ANP expression (Fig. 3C, P Ͻ 0.05) . Although the effect of OTA on DMSO-induced ANP expression was not statistically significant, the inhibitory tendency was observed in all experiments (Fig. 3C) . The inhibitory action of OTA on DMSO cardiomyogenic properties was thus more evident by the beating than by the ANP criterion. Altogether, rhodamine 123 absorption, and the time-course of formation of beating cells and abundance of ANP mRNA pointed Cell aggregates were exposed to OT or DMSO in the absence or presence of OTA from day 0 to day 4, and RNA was extracted at day 14 of the differentiation protocol. ANP transcript was also evaluated in undifferentiated cells grown in monolayers (Undiff.). Mouse heart ventricle mRNA was used as a positive control. Levels of ANP mRNA were adjusted by dividing by corresponding GAPDH mRNA and then expressed as the percentage of the Undiff. value. Results are reported as the means Ϯ SEM of five independent studies. The * indicates a significant difference with Undiff. and §, a significant difference between OT and OT ϩ OTA treatments (P Ͻ 0.05).
to a potent cardiomyogenic effect of OT. In addition, the cardiomyogenic action of OT and even that of DMSO appear to involve OTR.
To further investigate the involvement of OTR in cardiomyogenesis, we examined OTR expression in P19 cells. OTR protein (Fig. 4 A and B) and mRNA (Fig. 4C) were present at low levels in undifferentiated cells, indicating that these cells can respond minimally to OT. OTR expression remained at low levels in aggregates not exposed to OT or DMSO (Fig. 4C, No inducer) . In contrast, intense OTR immunoreactive foci were observed in cell populations after OT or DMSO treatment (Fig. 4A) . These findings corresponded to the results of Western blotting (Fig. 4B) and RT-PCR analysis of OTR (Fig. 4C) , both indicating increased OTR expression. In accordance with the absence of a cardiomyogenic effect of OTA and the inhibitory action of OTA on OT-induced cardiac differentiation, OTA did not up-regulate OTR expression by itself and inhibited OT-induced OTR up-regulation (Fig. 4B) . Thus, the OTR-dependent cardiogenic effect of OT and DMSO seems to involve up-regulation of OTR expression.
Discussion
This report shows that OT added to the culture medium of P19 stem cell aggregates induced cardiomyogenic differentiation, which was demonstrated by monitoring the expression of MHC, DHPR-␣1, and ANP cardiac markers, retention of a mitochondria-specific dye, and the appearance of beating cell colonies. The cardiogenic effect of OT was specific and mediated by OTR, since it was abolished by OTA. OT also up-regulated OTR expression. These results suggest a new role for the OT͞ OTR system in heart genesis and development.
The P19 cell line is an excellent cell differentiation model that mimics the events of early cardioembryogenesis. Differentiation of P19 cells to cardiomyocytes by aggregation and exposure to DMSO was shown to be associated with induction of the cardiac-specific subtype of endothelin receptors (36) . In addition, brain natriuretic peptide and ANP were observed in newly formed striated muscle structures upon DMSO treatment and not in undifferentiated P19 cells and their neuronal derivatives (37) . In this work, DMSO-and OT-induced ANP transcript levels reached about 5-10% of th level found in the adult mouse atrium-the richest site of ANP synthesis. Several transcription factors having an essential role in cardiogenesis are up-regulated in DMSO-induced P19 cells. This was shown to be the case for the zinc-finger-containing GATA-4, the homeobox gene Nkx2-5, and the myocyte enhancer factor 2C (30, 31, 38) , and the overexpression of either factor in P19 cells was sufficient to induce cardiac differentiation in the absence of DMSO (30, 39, 40) . Little is known about the molecular mechanisms underlying the activation of these genes, but DMSO was found to increase intracellular Ca 2ϩ levels and was suspected to affect a pathway that has an extracellular component, possibly serum-borne (25, 41, 42) . Interestingly, our data indicate that OTRs are upregulated to a similar extent by OT and DMSO, and other studies have reported that OTR function modulates intracellular Ca 2ϩ concentration in some cell types (1) . It is thus tempting to suggest that OT could be a serum-borne factor that is active in DMSOinduced differentiation. Alternatively, the hormone could be produced by P19 cells or their derivatives, since OT synthesis was demonstrated in cardiomyocyte cultures from newborn rats (7), and OT levels were significantly higher in the cardiac chambers of fetuses and 1-day-old neonates than in adult animals**. Hartman et al. (43) also reported OT levels that are high in the plasma of young animals and decrease during development.
One of the mechanisms by which OT and DMSO trigger cardiac differentiation involves OTR, since both agents up-regulated the expression of this receptor, and OTA abolished their cardiomyogenic action as well as prevented OT-stimulating effect on OTR expression. Homologous regulation of OTR expression by OT itself was observed in the brain and in astroglial cell cultures (44, 45) . It is noteworthy that, like DMSO, retinoic acid, used at low levels (10 Ϫ8 to 10 Ϫ9 M), induces cardiac differentiation of P19 cells (25, 26) . This observation could have some relevance to the OT͞OTR system, because retinoic acid was shown to up-regulate OT expression in the fetal heart.** Further investigations are required to clarify the relationships that could exist among OT͞OTR, DMSO, and retinoic acid in the P19 cell model.
Several studies have proposed a role for OT as a growth and differentiation͞maturation factor in a gestational͞perinatal context. In the mother, OT is required for postpartum alveolar proliferation, and it induces differentiation and proliferation of myoepithelial cells of the mammary gland necessary for milk ejection (1, 18) . The OT͞OTR system is expressed in human cumulus͞luteal cells surrounding oocytes, and weak OTR gene expression is even observed in oocytes (46) . Moreover, when fertilized mouse oocytes are cultured with OT in vitro, they develop into the blastocyst stage at a higher rate than their unstimulated counterparts (46) . Spontaneous myometrial contractures are known to occur during pregnancy in sheep, and controlled contractures induced by application of OT pulses to pregnant ewes have been shown to accelerate fetal cardiovascular function (47) .
All these studies thus strongly suggest involvement of the maternal and embryonal OT͞OTR systems in development of the embryo, and our work points to a particular involvement of OT in the priming of cardiogenesis. We think that OT could also assist the maturation of newly differentiated cardiomyocytes by stimulating their fusion, since beating cells derived from OT-induced P19 cells formed fiber-like structures. Such a fusogenic action was recently reported for OT on skeletal myoblasts in vitro (48) . Our results may find application in regenerative therapies that consider the replacement of cardiac tissue lost after injury. In this context, OT could be used as a trophic factor to assist the compensatory division of myocytes shown to occur in infarcted organs (49) , or to prime the cardiomyogenesis of a variety of progenitor͞stem cells to be grafted in the injured heart (50, 51).
In conclusion, our study indicates that OT primes the cardiac differentiation of embryonic stem cells, and its action is mediated by OTR and a transduction pathway(s) that has yet to be defined. These results suggest that the OT͞OTR system plays an important role in heart development.
